Abstract: There is increasing evidence that regime shifts occur at several scales in ecosystems (from the spatiotemporal alternation of two species to large-scale, ecosystem-level rearrangements). Yet, the theoretical background for understanding these changes is far from clear. Since fishing down in marine ecosystems is well-documented trend, and its top-down cascading effects in food webs have been richly documented, it is a current question whether overfishing, in general, can also influence regime shifts at lower levels. We model simple marine ecosystems by dynamical food webs and investigate the probability of regime shifts emerging among primary consumers. We considered cases where only one of the primary consumers is persistent in the stationary state. By perturbing the death rates in the food web, we studied the circumstances when the previously persistent primary producer is indirectly changed by the previously non-persistent one. Whether and how regime shifts (e.g., change in primary consumers) can occur depends on (1) food web topology (presence of top-predator and alternative producer), (2) the relative strength of perturbation of primary consumers' death rates, and (3) the dynamical parameters of the recovering consumer. We found that overfishing, food web topology and dynamical parameters together determine the probability of regime shifts. Thus, integrative and complex models are needed in multispecies fisheries.
Introduction
In order to provide a robust scientific background for system-based conservation, it is essential to understand the natural dynamics of ecological systems. One of the most interesting feature of large-scale ecosystem dynamics is the phenomenon of regime shift, i.e., major, sudden, non-gradual change in the composition and structure of an ecosystem caused by external factors like climate change (Edwards and Richardson 2004) , pollution, overfishing (Pauly et al. 1998) , invasive species (Shiganova 1998) , greenhouse effects (Bakun and Weeks 2004) and internal biotic mechanisms including modifications in top-down (Daskalov et al. 2007 ) and bottom-up (Cury and Shannon 2004) control and their combination (e.g., wasp-waist control, Rice 1995 , Cury et al. 2000 , where species-replacement seems to be the most typical, Cury and Shannon 2004) . Main questions are: (1) to what extent regime shifts are natural (e.g., caused by the recovery of a rare species, Shiganova 1998), (2) how external effects like climate change or human impact (e.g., overfishing, Pauly et al. 1998) can influence them, and (3) how the structure of the ecosystem can internally trigger or constrain this behaviour (Chavez et al. 2003 .
It is very important to emphasise that functionally strongly related species (like sardine and anchovy in marine ecosystems) may have no direct effect on each other. If there is a rich neighbourhood of shared partners in the system, the mutual effect between them can be realised through indirect interactions (like exploitative and apparent competition). In complex ecosystems, there are many possible pathways transmitting indirect interspecific effects (Menge 1995 , Yodzis 2000 , 2001 . As a consequence, a large-scale perspective is needed for predicting indirect effects. Thus, even if we know a lot about the genetics, demography or population dynamics of small pelagic fishes (Bakun and Cury 1999, Bakun and Broad 2003) , this information may not be sufficient for understanding certain large-scale patterns.
Regime shifts, in a broad sense, occur at several scales ranging from prey-predator reversal with almost no effect on other species (Barkai and McQuaid 1988) to recurrent species replacements, for example the out-of-phase oscillations of sardine and anchovy in the Peruvian upwelling zone (Jarre-Teichmann 1998) and in the southern Benguela system (Cury and Shannon 2004) ; and from "meso-scale" effects on keystone species (Jennings and Kaiser 1998) to alternative stable ecosystem states at the highest level (Scheffer and Carpenter 2003, Vasas et al. 2007 ). However, the sardine-anchovy interaction is a well-known and very important example. We mention that sardine and anchovy do not always alternate: they seem to behave in phase in the Adriatic Sea (see Coll et al. 2007 ). This suggests that it is not sufficiently an inherent property of these ecosystems that small pelagics must alternate, but rather a phenomenon to be triggered by partly external factors.
In this paper, we present a dynamical model for regime shift in simple, hypothetical food webs. Since real data are mostly available for marine systems, we interpret our model and results in a marine context without loosing generality. We ask (1) what are the characteristics of parameter combinations under which we can see regime shifts in our model system, (2) how sensitive are these combinations to perturbations and (3) how system topology influences the probability of regime shifts (e.g., presence of alternative prey, removal of top predator).
The model
Essentially, our model may be considered as a minimal model for the sardine-anchovy regime shift mentioned above. Our initial model food web contains 6 species at 4 trophic levels (Fig. 1a) . We note that by "species" we mean either biological species or larger functional groups: species 3 and 4 may well represent biological species but nodes 1 and 2 surely correspond to larger groups, and probably also nodes 5 and 6. Keeping oceanic food webs in mind, the two producers (species 1 and 2) may represent the phytoplankton. They are consumed by the two primary consumers (species 3 and 4) that are typically zooplankton or small fishes. The secondary consumer (species 5) feeds on both primary consumers and is being consumed by the top predator fish (species 6). For the sake of simplicity, we do not consider several possibilities for omnivory (e.g., species 6 does not consume species 3 and 4, etc.) and their combinations.
Since regime shift is frequently documented between small fishes (i.e., sardine -anchovy) in marine ecosystems, we are interested in the mutual substitutions of species 3 and 4 in our model (see Fig. 1b ). Considering the topological framework presented above, the dynamics of each population is described by the following differential equation system: where N i means the population size of species i; a 1 , a 2 and K 1 , K 2 are the rates of increase and carrying capacities of the logistic model which characterize the two source species; e ij is the consumption rate of species i on species j, b ij is the conversion rate of species i on species j, d i is the mortality rate and ω i is the half-saturation value of species i. By using the N j /(ω j + N j + N k ) type of Holling II functional response, we assume that consumption of species j is saturated by the density of this species and the same manner by species k, which is the alternative prey of the predator. We assumed that (1) species belonging to the same functional group behave similarly (their population dynamics can be described by the same differential equation with averaged dynamical parameters) and that (2) functional responses are independent of aggregation (species and larger functional groups behave similarly).
First we set the parameters in a way to achieve a stable coexistence of at least four species. In case of less than four species, the food web becomes topologically too simple to be relevant. Altogether 15 topologies can be studied. Among them only three are relevant from our point of view (Fig. 1b) . In Figure 1b , for example, topology "1-2-3-5-6" means the coexistence of two primary producers (1, 2), one primary consumer (3) and two predators (5, 6).
If one of the primary consumers is absent, it is possible that the abundance of the present consumer decreases or it becomes extinct resulting from perturbation of the parameters and the emergence of previously absent consumer. Sometimes the emerging species can take over the role of the disappearing species and the system can switch into the complementary web (Fig. 1b) . This specific event is considered here as a 'regime shift' (we do not consider whether the system can return to a previous state through an alternative trajectory, or not, but see Scheffer and Carpenter 2003) . We use here 'regime shift' in a broader sense, in contrast to definitions excluding simple species replacements (e.g., Cury and Shannon 2004) .
( 1) In order to investigate the conditions under which regime shift can occur, we have chosen three different food-webs representing three types of topologies: the linear 1-3-5-6 structure and the "forked" 1-2-3-5-6 and 1-2-3-5 structures ( Fig. 1b ; by changing species 3 to species 4 in these webs, we can study isomorphic structures like 1-2-4-5, they can be neglected from our analysis). So we could investigate (1) the difference between the linear and the forked structure (1-3-5-6 and 1-2-3-5) and (2) the effect of food web height (heavy overfishing) (1-2-3-5 and 1-2-3-5-6). Understanding overfishing, wasp-waist control and regime shifts have already been studied in the context of larger food webs (based merely on structure, Shannon and Cury 2003 , Jordán 2005 , Jordán and Wyatt 2006 ) but here we aim to study simpler webs in order to explore the space of dynamical parameters.
We assumed no distinction between the two producers: K carrying capacities (without loss of generality, carrying capacities can be set to 1) and growth rates a are the same in eq.
(1) (K 1 = K 2 = 1, a 1 = a 2 = 0.1). The interaction parameters (e ij and b ij ) are randomly selected from interval [0; 1] with uniform distribution in order to keep their average magnitude in the same order as the one of growth rates of primary producers. Intuitively, the half saturation constant (ω i ) is fixed at half of the carrying capacities of primary producers (ω i =0.5). At higher trophic levels, mortality rates (d i ) are smaller according to the increasing body size (
We found that stationary state is reliably settled after 10 6 of time steps which was the standard time interval in the simulations.
Using these parameter settings, we integrated the system (1) numerically by a fourth-ordered Runge-Kutta method (Press et al. 1992, pp. 710-714.) . The initial abundance of all species were 1. If the abundance of any species decreased below 10 -10
, we considered it to be extinct. (Other threshold values give qualitatively similar result.) We searched for 1000 e ij -b ij parameter combinations where coexistence was robust in the above-mentioned three cases.
To investigate robustness, first we chose a parameter combination where the species involved in the investigation (e.g., 1-3-5-6) remained in stable coexistence after 10 6 time steps. Then, we perturbed the consumers' mortality rates 100 times, independently. The difference between the perturbed and the original values was ≤ 15%. We considered the coexistence robust if the initial structure survived in ≥ 90 cases (90%). (Other slightly different threshold values gave qualitatively similar result.) We perturbed only the mortality rates because we assumed that increased fishing intensity and environmental change influence the community mostly through changes in the mortality rate (cf. Daskalov et al. 2007) , while the consumption and the conversion rates were assumed to be less sensitive (however, it is also known that environmental changes can act through changed bottom-up control, Cury and Shannon 2004) .
After selecting the robust webs in this manner, we began to search for regime shifts. We applied the following method in all the three cases. We selected a set of e ij and b ij parameters where the web was robustly present, and run the program again. After the dynamical equilibrium was settled, we began to perturb the mortality rates. At the beginning of the perturbation (t 0 =6*10 . This method is based on the fact that real ecosystems are spatially heterogeneous, so it is possible that a species can survive in a refuge despite its seriously decreased density and it can come back under favorable conditions (cf. local extinction and recolonization dynamics, Spiller and Schoener 1998) . In this way, we enable species 4 to recolonize into the perturbed system (what is considered to be equivalent to revive from very low densities) and cause regime shift by depressing species 3. We repeated this operation 100 times on every parameter combination and recorded in how many cases the original structure remains intact or regime shift occurs. Figure 1. (a) The initial food web contains 6 species on 4 trophic levels (numbering is consistent thorough the paper). (b) The three topologies we studied contain originally only one of the primary consumers (species 3). Due to perturbation, these webs can be switched into the isomorphic graphs following the subsequent increase of the alternative consumer (species 4) and extinction of the original one (species 3). Dashed lines represent new links formed.
Results
During the perturbation of parameter combinations, we recorded whether regime shift occurred at least once for a particular combination. As an example, Figure 2a demonstrates a situation when perturbation of death rates and emergence of species 4 do not change web structure. Figure 2b depicts a typical regime shift occurred by the invasion of species 4, while Figure 2c shows a situation when recovery of species 4 causes the collapse of the web. If species 3 changed to species 4, further extinctions may have occurred (system collapse) or the food web may have remained intact. Basically, we classified the parameter combinations according to whether species 3 changed to species 4 at least once in 100 perturbations. Possible outcomes of the simulations are shown in Fig. 3 . 1000 parameter combinations were investigated for all the three structures. We studied the effect of the recovery of species 4 on the studied food web structures (see Fig. 3 ) and registered the average number of regime shifts, collapses and simulations preserving intact food webs (Table 1 ). .11, pt"=0.008, pt#=0.001, pt$=0.001 ) (c) The system collapses after the emergence of species 4 (pt!=0.11, pt"=-0.001, pt#=0.01, pt$= 0.001) (other parameters are: a=a =0.1, K=K =1.0, ωE =0.5, e!=0. 9, e"=0.2, e! =0.6, e" =0.6, e#!=0.7, e#"=0.1, e$#=0.7, b!=0.4, b"=0.9, b! =0.4, b" =0.2, b#!=0.9, b#"=0.8, b$#=0.3, d!=d"=0.1, d#=0.02, d$=0.005) . (and SD) percentage of simulation outcomes (according to the five possible scenarios in Fig. 3 ) simulated for the three studied food web topologies (see Fig. 1b) . It turned out that to find a parameter combination where perturbation of death rates and the invasion of species 4 cause regime shift is more probable in the forked structures (1-2-3-5 and 1-2-3-5-6) than in the linear one (1-3-5-6), while the presence of the top predator (species 6) makes no significant difference among the forked topologies (Fig. 4) .
Interestingly, despite the above finding, the average number of regime shifts does not differ significantly for different structures (Table 1) . Consequently, the set of the parameter combinations where regime shift can occur is narrower for the linear structure, but within this set regime shift is more probable than in forked structures. Naturally, in parameter combinations where regime shift can be observed, the original structure remains intact with a lower probability. However, the possibility of collapse is also significantly (p < 0.001; a = 0.05, Mann-Whitney test) smaller at these parameter combinations. Consequently, webs where regime shift was observed were more stable against collapse.
We have also analysed the differences among the three topologies in case of regime shift. Interestingly, forked structures are less stable than the linear ones in the sense that webs collapse more frequently (Table 1) . Further, in the forked webs with top-predator (1-2-3-5-6), we have found the fewest regime shifts and the most collapses (Table 1) . But if the top predator is absent (1-2-3-5), the possibility of collapse decreases and we observed significantly more regime shifts (p=0.01; a = 0.05, Mann-Whitney test). Consequently, the removal of the top predator can facilitate the recovery of species 4.
We have also investigated the distribution of perturbation values (pt i ). The possible outcomes (original structure remains, collapse and regime shift) differ in pt-distributions. As these results are the same for all topologies, we show only the results for the 1-2-3-5-6 web (Fig. 5) . pt 3 and pt 4 values are crucial for regime shift: if pt 3 is small (and pt 4 is relatively high), the original structure remains intact with high probability (Fig. 5a ). Regime shift typically occurs if pt 3 is high but pt 4 is very low (Fig. 5b) . If pt 3 is high or too low, and pt 4 is not low enough, the original structure typically collapses (Fig. 5c) . Thus, if the mortality rate of species 4 does not change largely or it decreases, but the mortality rate of species 3 reaches a certain value (the strength of the perturbation increases and the differences between the two mortality rates are large enough) then species 4 has a good chance to enter the web, while species 3 will go extinct. We found that the difference between pt 3 and pt 4 largely influences the possibility of regime shift (Fig. 6 ). There is a threshold value of the difference at about 0.02: at higher values the probability of regime shift increases steeply, and after a maximal value (at about 0.15) starts to decrease (Fig. 6) .
Interestingly, the possibility of regime shift is independent of pt 5 and pt 6 (Fig. 5d) . As Figure 5c demonstrates, the original structure can collapse not only in case of high perturbation values. If these pt-values are negative (mortality rates decrease), then the density of consumers can increase, driving producers to extinction and the web to collapse.
We have also studied how parameters e ij and b ij can influence the possibility of regime shift. There are multiple relationships between these parameters; we focused on whether there are significant differences between the average e ij and b ij if regime shift occurs (for details see Appendix, Tables 2 and 3 
Discussion
Using a minimal model of marine food webs, we studied the possibility of small-scale regime shifts (species replace- Figure 6 . The distribution of (pt!-pt") for simulations resulting in regime shift and keeping the original food web structure. ments) between primary consumers (for simplicity, we have considered both anchovy and sardine as primary producers, although the trophic height especially of anchovy is spatially highly variable, ranging from 2.1 in Chile to 3.54 in South Africa, see Coll et al. 2006) . We analysed how it is influenced by the presence of the highest trophic level and an alternative producer (as there is evidence for this scenario, Daskalov 2002) . We assumed that invasion of the alternative primary consumer is preceded by the perturbation of decay rates, thus we modelled the effects of heavy overfishing and environmental change under different parameter combinations.
We have found that regime shift is more probable in the forked structures (1-2-3-5 and 1-2-3-5-6) than in the linear one (1-3-5-6). This may suggest that primary producer-level redundancy makes it possible for the system to let the alternative primary consumer enter the system. At the same time, the presence or absence of the top predator (species 6) is not significant if both primary producers are present. Thus, the trophic cascade from species 6 to species 3 and 4 seems to be less important if they compete less (e.g., if species 1 and 2 are both present). If this is a correct interpretation, it emphasizes interactions between food web modules and supports the less local views on community control (Brose et al. 2005) . However, the set of parameter combinations where regime shifts can occur is smaller for the linear structure, but within this set regime shift is more probable than in forked structures (Table 1) . In this sense, the behaviour of linear structures is more canalized. Furthermore, we have found that webs where regime shift was observed are more stable against collapse than webs where regime shift was not detected.
Beyond the effect of topology, distributions of dynamical parameters have a crucial role in influencing the probability of regime shifts. It is of high importance how actually the death rates of species 3 and species 4 are perturbed. It is the difference of pt 3 and pt 4 that mostly influences the probability of regime shifts, as well as the b ij and e ij dynamical parameters of species 4 (interaction strength and efficiency). We note here that the successful invasion of Mnemiopsis leidyi in the Black Sea might have been linked to the fact that its efficiency was higher than that of piscivorous fish, the alternative consumer (Daskalov et al. 2007) . It is bad news for conservation practice and fisheries management if such particular details can cause large, qualitative changes.
We conclude that overfishing, dynamical parameters and food web structure together determine the probability of regime shifts between two small pelagics. This calls for more system-based, integrative, community-level models for better understanding marine ecology and for supporting multispecies fisheries (May et al. 1979 , Bakun 1996 . One of the most important future questions to answer is how to scale up these results to whole system-level regime shifts.
